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Text S1.  Lithological description and organic carbon content  
 
The post-Cretaceous Surficial Aquifer is about 16m thick at the site and consists of variable and 
well graded sandy to silty sediments and overlying soil that contain some important amounts of 
clay (Geosyntec 2019a). 
 
The underlying Black Creek Confining Unit averages about 6 m thick at the site (based on the 
nearest 11 boreholes described at NCDEQ 2019) and consists of dark clay with thinly bedded 
organic material and lignite seams (Geosyntec 2019a). 
 
The Cretaceous Black Creek Aquifer is up to 36m thick and is made of grayish sands 
interbedded with thinly laminated gray to black clay. As described by Campbell and Coes 
(2010): “The sands are generally gray to olive gray in color, fine to medium grained, poorly 
sorted, and contain variable amounts of glauconite, phosphorite, shell fragments, and lignite, and 
traces of mica, pyrite, and marcasite.” 
 
The Upper Cape Fear Confining Unit overlies the Upper Cape Fear Aquifer and consists of 
nearly continuous clay, silty clay, and sandy clay beds (Winner and Coble 1996). It is 23-36.6 m 
thick at the site (NC DEQ 2019). The Upper Cape Fear Aquifer is made of alternating layers of 
clay and gray to red, poorly sorted, fine- to coarse-grained sand. (Campbell and Coes 2010). 
 
The mass fraction of organic carbon (foc) in the Black Creek Confining Unit is higher than that in 
the Upper Cape Fear Confining Unit (average foc values of 0.0424 and 0.0034, respectively). The 
Surficial and Black Creek Aquifers both have lower foc (typically less than 0.01) than the 






Figure S1. Example of PFAS emissions to air, including precursors to the most abundant 
PFAS found in groundwater (reported to the NC Division of Air Quality by Chemours) for 









Table S1. Summary of data collection. GW = groundwater (78 samples), SW = stream water (22 
samples), 100 total samples.  Abbreviations for stream names are defined in Fig. 1. 
Period Type and number of water samples 
Summer 2018 
24 GW samples (6 GB, 6MC, 6KM, 6WC) 
3 SW samples (MC) 
September 2018 4 SW samples (GB) 
October 2018 
30 GW samples (22GB, 8MC) 
4 SW samples (2GB, 2MC) 
February 2019 
24 GW samples (GB) 
6 SW samples (GB, WC, ECF2, ECF3, ECF4 and GB387) 
December 2019 5 SW samples (GB, WC, ECF2, ECF3, ECF4) 
 
Text S2. PFAS Analysis 
 
Materials 
All materials used for sample collection and analysis have been previously checked for their 
suitability for PFAS analysis and were found to not contribute to measurable additions or losses 
of PFASs with the exception of the filters. The following materials were used for sample 
preparation and analysis: 
a. 15 mL polypropylene conical centrifuge tubes with polypropylene screw caps (Corning 
Falcon P/N 352097) 
b. Genesee Scientific, Reach Olympus Classic Pipet Tips, plastic, 1-10 µL capacity (P/N 
24-120R), checked to be PFAS-free 
c. Genesee Scientific, Olympus Class Pipet Tips, plastic, 10-200 µL capacity (P/N 24-
151R), checked to be PFAS-free 
d. Genesee Scientific, Reach Olympus Pipet Tips, plastic, 100-1000 µL capacity (P/N 24-
165R), checked to be PFAS-free 
e. Eppendorf epTIPS Pipette tips, plastic, 50-1000 µL capacity (P/N 022492055), checked 
to be PFAS-free  
f. Chemglass, Norm-ject polypropylene syringe, 30mL capacity (P/N CG-3081-05), 
checked to be PFAS-free 
g. GE Healthcare Whatman™ GD/X Glass Micro Fiber (GMF) Syringe Filters, 0.45 µm 
(P/N 68942504) 
h. Thermo Scientific™ 9mm Plastic Screw Thread Vials, 2 mL capacity (P/N 03-376-900) 
i. Thermo Scientific™ 9 mm Autosampler Vial Screw Thread Caps (P/N 03-376-483) 
j. 24-component native PFAS standard mix (2.0 µg/mL in methanol), Wellington 
Laboratories P/N PFAC-24PAR 
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k. Individual PFEA standards (HFPO-DA, ADONA, F-53B major) (50.0 µg/mL in 
methanol), Wellington Laboratories P/N HFPO-DA, NaDONA, 9Cl-PF3ONS 
l. Individual PFECA/PFESA/PFES-CA standards (1 mg/mL in water), Chemours (not 
commercially available) 
m. 19-component mass-labelled PFAS standard mix (1.0 µg/mL in methanol), Wellington 
Laboratories P/N MPFAC-24ES 
n. Mass-labelled HFPO-DA (50 µg/mL in methanol), Wellington P/N M3HFPO-DA 
 
Sample preparation 
To remove turbidity from samples prior to analysis, samples were filtered with polypropylene 
syringes connected to 0.45-µm glass fiber syringe filters, which were preconditioned with 
deionized water and an aliquot of the sample prior to filtrate collection in a 15-mL polypropylene 
centrifuge tube. Following filtration samples were vortexed for 10 seconds before an aliquot was 
transferred to the LC vial and dosed with internal standard according to the procedure below. 
 
a. Using clean pipette tips, transfer 1,620 µL of sample (or diluted sample) from the 15-mL 
centrifuge tube to a new autosampler vial and add 180 µL of the internal standard mix. 
b. Cap the vial with a screw cap and vortex the vial for 10 seconds. 
The same sample preparation procedure was applied to method blanks, calibration standards, and 
quality control samples to account for potential PFAS losses during filtration. Filtered method 
blanks were created with each batch of samples, and results demonstrated that all analyte 
concentrations were below minimum reporting limits, and results for filtered quality control 
samples met acceptance criteria as described below. Samples that fell above the calibration range 




Liquid Chromatography-Tandem Mass Spectrometry (LC-MS/MS) 
PFAS analysis was performed by high performance liquid chromatography (1260 series, Agilent) 
and tandem mass spectrometry (Ultivo, Agilent). Two separate injections were completed for 




A 800-µL aliquot of each sample, calibration standard, and quality control sample was injected 
into the LC system that was equipped with a 900 µL sample loop. Analytes were 
chromatographically separated using a Zorbax RR Eclipse Plus C18 column (4.6 x 50 mm, 3.5 
µm; Agilent). Conditions were as follows: eluent flow rate: 0.7 mL/min; column temperature: 50 
°C; mobile phase A: ammonium acetate buffer (5 mM) in water, and mobile phased B: methanol; 
gradient: 0-18 min linear from 90:10 A/B to 5:95 A/B, 18-22 min constant 5:95 A/B; followed 
by a 6 min post-analysis time for equilibration.  
 
Mass spectrometer settings 
PFAS were detected using electrospray ionization in negative polarity mode and multiple 
reaction monitoring. Ion source parameters are provided in Table S1. For quantification of PFAS 
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containing a carboxylic acid moiety, low-temperature settings were used. For quantification of 
PFAS with a sulfonic acid moiety, high-temperature settings were used.  
 
Table S2: Mass spectrometer ion source parameters 
Parameter Low Temperature High Temperature 
Drying gas temperature (°C) 100 230 
Drying gas flow rate (L/min) 13 13 
Sheath gas temperature (°C) 250 350 
Sheath gas flow rate (L/min) 12 12 
Nebulizer pressure (psi) 20 15 
 
PFAS quantitation 
Data acquisition and processing were performed using Agilent MassHunter Quantitative 
Analysis Version B.09.00. A list of target analytes and internal standards used for quantitation is 
provided in Table S2. With the exception of PFBA, PFPeA, PFMOAA, and PMPA each analyte 
has a pair of precursor-product ion transitions for quantitation and confirmation, respectively. 
Quantitation was conducted using an isotope dilution approach; i.e., the ratio of the peak area of 
the analyte to the peak area of the internal standard was used to develop standard curves and 
determine analyte concentrations. If a mass-labeled analog of the analyte was not available, a 
structurally similar mass-labeled internal standard with a similar retention time was used for 





Table S3: PFAS analyte acronyms, precursor and product ion m/z values, fragmentor and 
collision energies, and capillary voltages – (1) quantitation ion, (2) confirmation ion (note: 














High Temperature Ion Source Compounds 
NVHOS (1) 296.9 79.9 140.0 48.0 1500 MPFBS 
NVHOS (2) 269.9 135.1 140.0 24.0 1500 MPFBS 
Nafion Byproduct 4 (1) 440.9 197.0 140.0 32.0 1500 MPFBS 
Nafion Byproduct 4 (2) 440.9 241.0 140.0 20.0 1500 MPFBS 
Nafion Byproduct 2 (1) 462.9 263.0 140.0 24.0 2000 MPFHxS 
Nafion Byproduct 2 (2) 462.9 213.0 140.0 32.0 2000 MPFHxS 
Nafion Byproduct 1 (1) 442.9 263.0 140.0 12.0 2000 MPFHxS 
Nafion Byproduct 1 (2) 442.9 147.1 140.0 24.0 2000 MPFHxS 
4:2FTS (1) 327.0 307.0 110.0 16.0 2000 M4:2FTS 
4:2FTS (2) 327.0 80.8 110.0 32.0 2000 M4:2FTS 
6:2FTS (1) 427.0 406.9 160.0 20.0 2000 M6:2 FTS 
6:2 FTS (1) 427.0 80.9 160.0 40.0 2000 M6:2 FTS 
PFBS (1) 298.9 79.9 140.0 40.0 1500 MPFBS 
PFBS (2) 298.9 98.8 140.0 28.0 1500 MPFBS 
PFPeS (1) 348.9 79.9 125.0 52.0 2000 MPFHxS 
PFPeS (2) 348.9 99.0 125.0 36.0 2000 MPFHxS 
PFHxS (1) 398.9 79.8 166.0 68.0 2000 MPFHxS 
PFHxS (2) 398.9 98.9 166.0 36.0 2000 MPFHxS 
PFHpS (1) 448.9 79.8 160.0 60.0 2000 MPFOS 
PFHpS (2) 448.9 98.8 160.0 44.0 2000 MPFOS 
PFOS (1) 498.9 79.7 170.0 76.0 2000 MPFOS 
PFOS (2) 498.9 98.8 170.0 44.0 2000 MPFOS 
Low Temperature Ion Source Compounds 
PFBA (1) 213.0 169.0 84.0 0.0 1500 MPFBA 
PFPeA (1) 263.0 219.0 80.0 0.0 1500 MPFPeA 
PFHxA (1) 313.0 268.9 94.0 0.0 2000 MPFHxA 
PFHxA (2) 313.0 119.0 94.0 16.0 2000 MPFHxA 
PFHpA (1) 363.0 319.0 100.0 0.0 2000 MPFHpA 
PFHpA (2) 363.0 169.1 100.0 8.0 2000 MPFHpA 
PFOA (1) 413.0 369.0 103.0 0.0 2000 MPFOA 
PFOA (2) 413.0 168.9 103.0 12.0 2000 MPFOA 
PFNA (1) 463.0 418.9 100.0 0.0 2000 MPFNA 
PFNA (2) 463.0 219.0 100.0 8.0 2000 MPFNA 
PFDA (1) 513.0 469.0 120.0 0.0 4000 MPFDA 
PFDA (2) 513.0 269.0 120.0 8.0 4000 MPFDA 
PFMOAA (1) 179.0 85.0 79.0 4.0 1500 MPFBA 
PFMOAA (2) 179.0 135.0 79.0 0.0 1500 MPFBA 
PMPA (1) 229.0 184.9 89.0 0.0 1500 MPFBA 
PMPA (2) 229.0 85.1 89.0 16.0 1500 MPFBA 
PEPA (1) 235.0 135.0 100.0 16.0 1500 MGenX 
PEPA (2) 279.0 235.0 100.0 0.0 1500 MGenX  
GenX (1) 285.0 169.0 108.0 0.0 2000 MGenX  
GenX (2) 329.0 169.1 108.0 4.0 2000 MGenX  
PFO2HxA (1) 245.0 85.0 95.0 0.0 1500 MGenX  
PFO2HxA (2) 201.0 85.0 95.0 0.0 1500 MGenX  
PFO3OA (1) 311.0 85.0 105.0 0.0 2000 MGenX  
PFO3OA (2) 311.0 151.0 105.0 0.0 2000 MGenX  
HydroEve (1) 427.0 283.0 100.0 4.0 2000 MGenX  
HydroEve (2) 427.0 262.9 100.0 12.0 2000 MGenX  
ADONA (1) 377.0 250.9 70.0 0.0 2000 MGenX  
ADONA (2) 377.0 84.9 70.0 24.0 2000 MGenX  
PFO4DA (1) 376.9 85.0 110.0 0.0 2000 MGenX  
PFO4DA (2) 376.9 150.9 110.0 0.0 2000 MGenX  
PFO5DoA (1) 442.9 84.8 110.0 0.0 2000 MGenX  
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PFO5DoA (2) 442.9 150.8 110.0 0.0 2000 MGenX  
F53B (1) 530.9 350.9 135.0 20.0 2000 MGenX  
F53B (2) 530.9 82.8 135.0 24.0 2000 MGenX  
Internal Standards 
MPFBA 217.0 172.0 85.0 0.0 1500  
MPFPeA 268.0 223.0 55.0 0.0 1500  
MPFHxA 318.0 273.0 95.0 0.0 2000  
MPFHpA 367.0 322.0 60.0 0.0 2000  
MPFOA 421.0 376.0 105.0 0.0 2000  
MPFNA 472.0 427.0 105.0 0.0 2000  
MFPDA 519.0 474.0 110.0 0.0 4000  
MGenX 287.0 169.0 108.0 0.0 2000  
MPFBS 302.0 79.9 120.0 40.0 1500  
MPFHxS 402.0 81.0 170.0 56.0 2000  
MPFOS 507.0 81.0 190.0 60.0 2000  
M4:2FTS 329.0 308.9 105.0 16.0 2000  




Figure S2. Molecular structures of per- and polyfluoroalkyl ether acids targeted in this 
study 
a In Sun et al. (2016), this compound was presented as PFMOPrA. However, it is likely that 
environmental samples contain the branched isomer, PMPA, shown here and in Strynar et al. 
(2015). 
b In Sun et al. (2016), this compound was presented as PFMOBA. However, it is likely that 




Table S4. Classification and summary results for the 29 targeted PFASa 



















PFBA PFCA 375-22-4 10 51 8.6 7.9 
PFPeA PFCA 2706-90-3 5 43 6.3 <MRL 
PFHxA PFCA 307-24-4 10 28 2.0 <MRL 
PFHpA PFCA 375-85-9 2.5 16 1.3 <MRL 
PFOA PFCA 335-67-1 10 16 1.0 <MRL 
PFNA PFCA 375-95-1 2.5 3 0.4 <MRL 
PFDA PFCA 335-76-2 2.5 37 3.7 <MRL 
PFBS PFSA 375-73-5 10 19 1.3 <MRL 
PFPeS PFSA 2706-91-4 2.5 0 na na 
PFHxS PFSA 355-46-4 10 12 0.7 <MRL 
PFHpS PFSA 375-92-8 5 0 na na 
PFOS PFSA 1763-23-1 5 6 2.1 <MRL 
4:2 FTS FTS 757124-72-4 10 0 na na 
6:2 FTS FTS 27619-97-2 2.5 0 na na 
NVHOS PFESA 801209-99-4 10 41 3.5 <MRL 
F53B PFESA 756426-58-1 5 0 na na 
Nafion Byp 
1 
PFESA 29311-67-9 2.5 0 na na 
Nafion Byp 
2 
PFESA 749836-20-2 2.5 78 18.8 16.8 
Nafion Byp 
4b 
PFES-CA 2416366-18-0 25 65 44.5 45.0 
PFMOAA PFECA 674-13-5 10 80 76.0 66.7 
PMPA PFECA 13140-29-9 5 98 696.6 678.3 
PEPA PFECA 267239-61-2 2.5 99 245.6 219.4 
HFPO-DA 
(“GenX”) 
PFECA 13252-13-6  2.5 98 475.2 416.4 
PFO2HxA PFECA 39492-88-1 5 98 296.6 252.0 
PFO3OA PFECA 39492-89-2 5 62 37.2 20.1 
PFO4DA PFECA 39492-90-5 5 26 5.9 <MRL 
PFO5DoA PFECA 39492-91-6 10 1 0.2 <MRL 
HydroEve PFECA 773804-62-9 2.5 0 na na 
Adona PFECA 919005-14-4 5 0 na na 
a Compounds are classified following Sun et al. (2016), Hanssen et al. (2019), and Geosyntec 
(2019): Perfluoroalkyl carboxylic acids (PFCAs), perfluoroalkyl sulfonic acids (PFSAs), per- 
and polyfluoroalkyl ether carboxylic acids (PFECAs), per- and polyfluoroalkyl ether sulfonic 
acids (PFESAs), per- and polyfluoroalkyl ether sulfonic and carboxylic acids (PFES-CAs), and 
fluorotelomer sulfonates (FTS). The Minimum Reporting Level (MRL) and number of samples 
with concentration above the MRL are shown for each compound. In determining the mean for 
each compound, concentrations below the MRL were considered to be zero, leading in some 
cases to values below the MRL. b Results are semi-quantitative (high matrix spike recoveries). 
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Text S3. Collection of water samples for PFAS analysis 
 
At all streambed sampling points, groundwater samples were collected through a steel and 
copper version of the PVC piezomanometer described by Kennedy et al. (2007) (Koropeckyj-
Cox 2019; Duboscq 2020).  The piezometer itself was 0.5-inch nominal black steel pipe (outer 
diameter = 2.13 cm), with a short (5 cm long) stainless steel slotted screen at the bottom and a 
brass drive point below the screen.  The top of the screen was brazed onto a length of 0.25 inch 
outer-diameter rigid air conditioning and refrigeration (ACR) copper tubing that runs up through 
the steel pipe about 90 cm and exits through a hole in the side of the pipe.  A short section of 
clear flexible PVC tubing (20-30 cm) connected the end of the copper tubing to a polypropylene 
syringe that was used as a pump. Thus, the groundwater sample stream contacted only the 
stainless steel piezometer screen, the copper tubing, the short section of clear flexible PVC 
tubing, and the syringe prior to being collected in a bottle. 
 
The steel and copper piezometer was inserted into the streambed such that the 5 cm screen lay 
between 30 and 35 cm below the top of the streambed.  Based on prior experience with relatively 
low-gradient coastal plain streams, this depth is likely sufficient to ensure that the water 
collected was groundwater and not stream water circulating downward into a streambed 
hyporheic zone (Kennedy et al. 2007, 2009; Gilmore et al. 2016). 
 
In 2018, water samples (groundwater and surface water) for analysis of PFAS concentrations 
were collected based on the water sampling methods developed by the USEPA National 
Exposure Research Laboratory (USEPA 2009). The containers used to collect samples were 500 
mL high-density polyethylene (HDPE) bottles. Each bottle was rinsed with 5 to 10 mL of 
methanol in the lab and then left to dry prior to sample collection. During sample collection, each 
bottle used for groundwater sampling was rinsed three times with 20 mL of the groundwater 
being collected before the bottle was filled and capped. Bottles used for stream water sampling 
were rinsed three times with a small volume of the stream water at the sampling point before the 
bottle was filled and capped. Surface water samples were collected by dipping the bottle below 
the stream surface while standing on the bank or directly downstream of the sampling point to 
avoid sample contamination. All water samples were stored in coolers (but not with ice) to 
maintain ambient temperature during transport to the lab (about a 90-minute drive from the field 
site). After water samples were transported to the lab, they were preserved by adding 2.5 mL of 
35% nitric acid to the sample using a 5 mL polypropylene pipette. Samples were stored in the lab 
at room temperature before being analyzed for PFAS concentrations. 
 
Sample collection in 2019 followed the procedures outlined above, with the exceptions that the 
sample collection containers were 50 mL clarified polypropylene Falcon conical centrifuge tubes 
(Fisher Scientific catalog number 14-432-22) instead of 500 mL HDPE bottles (methodological 
advances allowed collection of smaller samples), the centrifuge tubes were not rinsed with 
methanol in the laboratory prior to sample collection, and the samples were not acidified after 
collection.  Each centrifuge tube was rinsed in the field three times with about 20 mL of the 






Text S4. Quality Assurance/ Quality Control (QA/QC) 
 
To verify calibration curves, initial calibration verification (ICV) standards were prepared at 
concentrations of 25 and 250 ng/L with analytical standards obtained from a second source as 
available. Among the detected PFASs, a second source could not be identified for PMPA, PEPA, 
PFO2HxA, PFO3OA, and Nafion BP4. The acceptance criterion for the ICV samples was ±30% 
of the true value. Recoveries for ICVs at 25 and 250 ng/L ranged from -3% to 19% and -11% to 
17%, respectively. Additionally, continuing calibration verification (CCV) samples were 
analyzed for all analytes after every 15 samples at concentrations of 25 and 100 ng/L. The 
acceptance criterion for the CCV samples was ±30% of the true value. Recoveries for CCVs at 
25 and 100 ng/L ranged from -13% to 9%, and -7% to 9%, respectively. 
 
Trip blanks, trip spikes, and matrix spikes were not included with this work, but previous 
sampling campaigns have included them. Trip blanks to the same geographical area have 
previously returned concentrations for all analytes below the MRLs. The accuracy for trip spikes 
at 50 ng/L ranged from -12 to 14%. Accuracy of matrix spikes at 50 ng/L for previous sampling 
campaigns ranged from -20 to 22% for all detected analytes except Nafion BP4 (consistently 
high). Results for Nafion BP4 should therefore be considered as semi-quantitative. 
 
Text S5. Lack of influence of PFAS sorption on DPFAS and EPFAS results 
 
Groundwater samples for PFAS analysis were collected through steel and copper piezometers 
pushed into the streambeds, and the PFAS results were used in estimation of DPFAS.  It is 
theoretically possible that sorption in the upper 30 cm of the streambed, between the piezometer 
screen and the top of the streambed, might influence the calculation of chemical flux through the 
streambed.  Specifically, the PFAS flux was computed as v[PFAS], where v is the specific 
discharge of groundwater through the upper part of the streambed (cm/day) and [PFAS] is the 
concentration of PFAS in a groundwater sample collected 30-35 cm deep in the streambed.  If 
active PFAS sorption or desorption were occurring in the upper 30 cm of the streambed at the 
time and location of sample collection, then the [PFAS] value measured at a depth of 30 cm 
might have been different than the [PFAS] value at the top of the streambed, where the flux from 
groundwater to surface water actually occurs.  Sorption would lead to overestimation of PFAS 
flux (computed flux > actual flux), desorption to underestimation of PFAS flux. 
 
However, this potential bias in the computed flux is very unlikely for the most abundant PFAS at 
the site.  Indeed, the three most abundant PFAS at the site are estimated to have very low 
retardation factors  (1.0 to 1.1 in the surficial aquifer, the sediments of which are expected to be 
very similar to those of the streambed), meaning sorption is weak (Geosyntec 2019b).  For other 
PFAS with larger retardation factors, PFAS sorption onto the streambed sediment is expected to 
be at steady state after decades of PFAS flux through the stream and should not affect transport. 
PFAS have been moving through groundwater, streambeds, and streams at the site for 4-5 
decades, after the start of their emission to air sometime between 1971 and 1980.  The time scale 
for PFAS transport through the upper 30 cm of streambed is nLR/v, where L = sampling depth = 
30 cm; assuming n (porosity) is 0.35, taking R = 2 as an upper limit for the main PFAS at the 
site, and using the groundwater specific discharge values (v) determined in the field, the median 
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value of this time scale (nLR/v) is about 0.2 days for the sampling points in the study (with R = 
1, the time scale is 0.1 days).   
 
If PFAS transport through the streambed were to reach steady-state after 4-5 travel times (as is 
typical in 1-D transport of a sorbing but otherwise non-reactive solute), then there should be no 
net PFAS sorption in the upper 30 cm of streambed after about a day.  As PFAS have been 
moving through the streambeds for many years, it is therefore very unlikely that sorption of 
PFAS in the upper part of the streambed could be a source of uncertainty or error in estimating 
PFAS flux through the streambed as v[PFAS] or in scaling those data up to the integrated mass 
flux estimate DPFAS.   
 
For this mechanism to be a concern would require that streambed sediment at a spot chosen for 
sampling had been eroded away and replaced with sediment having a very different sorbed PFAS 
concentration less than 24 hours before our sampling, to create significant dis-equilibrium (and 
thus net sorption or desorption) between the new sediment and the groundwater discharge at that 
spot.  But our sampling was at baseflow, which is not a time of significant sediment scour and 
deposition.  And even if sediment "replacement" and net sorption or de-sorption did occur just 
before sampling, it would be reasonable to expect that the measured PFAS flux would 
correspond to the actual flux about a day later (i.e., sorption cannot continually affect the flux, 
any possible effect can only be transient, on a time scale of about a day). 
 
This same reasoning applies to the question of PFAS sorption within the stream channels and 
whether it could influence the estimates of stream export of PFAS, EPFAS.  The travel time in the 
streams is on the order of a km per hour, e.g., a 27 minute travel time was estimated for a 313 m 
reach of Georgia Branch, based on a salt slug released into the stream, in April 2019.  If PFAS 
sorption comes to equilibrium within a given reach of stream within 4-5 travel times, that should 
happen for the entire 2 km length of Georgia Branch within about half a day.  Since PFAS have 
been moving through the streams for 4-5 decades, the disparity in time scales suggests it is very 
unlikely the EPFAS values were significantly affected by PFAS sorption within the stream 
channels. 
 
Text S6. Uncertainty associated with DPFAS and EPFAS 
 
For DPFAS, methods we have previously applied in other studies can yield estimates of 
uncertainty in streambed hydraulic conductivity, and streambed water and solute flux (Kennedy 
et al. 2007, 2009; Genereux et al. 2008; Gilmore et al. 2016).  Mean uncertainty in PFAS point 
fluxes was 22% (Koropeckyj-Cox 2019). 
 
However, the methods used to propagate uncertainty in these calculations are not as directly 
applicable to the "scaling up" associated with multiplying the mean point flux by the full 
streambed area to compute DPFAS.  For this step, Kennedy et al. (2009) used an approach based 
on sampling density to estimate 20-25% uncertainty in the mass discharge of a non-point-source 
contaminant (nitrate) from groundwater to a stream (methodologically identical, aside from the 





Also, in the case of the current work on PFAS, reasonable indicators of overall uncertainty are 
the replicate measurements of DPFAS and EPFAS, and their comparison to each other.  Considering 
those indicators gives essentially the same result as Kennedy et al. (2009) found for nitrate 
(uncertainty of 20-25%).  For example, Table S10 in Supporting Information has three values of 
DPFAS for the Georgia Branch watershed, with a mean of 22.9 kg/yr and a coefficient of variation 
of 7.2%.  Two measurements of EPFAS for the same watershed have a mean of 18.2 kg/yr and 
coefficient of variation of 1.6%.  The difference between the DPFAS and EPFAS means (22.9%) is a 
reasonable metric of uncertainty in the PFAS mass discharge, exactly in the range reported by 
Kennedy et al. (2009) for nitrate (see above).  The uncertainty in EPFAS is likely in that same 20-
25% range, as it is the product of a salt-dilution stream discharge estimate and the PFAS 





Figure S3. Correlation between PMPA and GenX concentrations in 22 surface water and 74 
groundwater samples from the study site, June 2018 to December 2019. Four groundwater 




Table S5. Minimum, maximum, mean, median values and interquartile range of PMPA 
concentration (ng/L) in groundwater and stream water samples for each stream investigated 
(GB= Georgia Branch, WC= Willis Creek, MC= Mines Creek, KM= Kirks Mill Creek).  
 




GB WC MC KM GB WC MC ECF
2 
ECF3 ECF4 
n 52 6 14 6 9 2 5 2 2 2 
Min 149 20 427 187 637 204 394 275 557 375 
Max 1,365 427 1117 316 1190 287 790 476 677 510 
Mean 804 244 639 241 895 246 542 376 617 442 
Median 773 269 605 224 936 246 451 376 617 442 
IQR 325 227 198 84 114 41 176 101 60 67 
 
Table S6. Minimum, maximum, mean, median values and interquartile range of GenX 
concentration (ng/L) in groundwater and stream water samples for each stream investigated 






GB WC MC KM GB WC MC ECF
2 
ECF3 ECF4 
n 52 6 14 6 9 2 5 2 2 2 
Min 70 127 205 50 369 72 206 41 177 78 
Max 1151 253 675 181 1011 121 495 130 345 238 
Mean 574 184 355 119 629 96 407 85 261 158 
Median 532 178 341 118 583 96 445 85 261 158 





Table S7. Minimum, maximum, mean, median values and interquartile range of PFO2HxA 
concentration (ng/L) in groundwater and stream water samples for each stream investigated 






GB WC MC KM GB WC MC ECF
2 
ECF3 ECF4 
n 52 6 14 6 9 2 5 2 2 2 
Min 25 86 53 41 243 57 155 54 210 151 
Max 1131 217 333 146 620 133 350 101 218 161 
Mean 359 141 196 93 386 95 215 78 214 156 
Median 344 130 204 83 407 95 166 78 214 156 
IQR 236 75 133 59 146 38 88 24 4 5 
 
Table S8. Minimum, maximum, mean, median values and interquartile range of PEPA 
concentration (ng/L) in groundwater and stream water samples for each stream investigated 






GB WC MC KM GB WC MC ECF
2 
ECF3 ECF4 
n 52 6 14 6 9 2 5 2 2 2 
Min 26 13 97 33 180 41 123 69 140 85 
Max 602 155 309 101 395 78 246 92 161 118 
Mean 299 90 195 60 286 60 177 80 151 102 
Median 281 83 192 48 285 60 175 80 151 102 





Table S9. Minimum, maximum, mean, median values and interquartile range of PFMOAA 
concentration (ng/L) in groundwater and stream water samples for each stream investigated 






GB WC MC KM GB WC MC ECF
2 
ECF3 ECF4 
n 52 6 14 6 9 2 5 2 2 2 
Min 11 42 34 19 49 20 67 44 36 27 
Max 272 103 110 73 217 34 80 44 77 60 
Mean 102 73 77 48 136 27 71 44 57 43 
Median 88 73 73 47 133 27 69 44 57 43 
IQR 76 48 24 33 74 7 7 0 20 16 
 
Table S10. Summary of total measured PFAS mass discharge (kg/yr) from groundwater to streams 




















17.9 4.2 22.1 4.1 1.6 - - - 27.8 
October 
2018 DPFAS 
13.0 8.8 21.8 - - - - - 21.8 
October 
2018 EPFAS 
11.2 6.8 18.0 - - - - - 18.0 
February 
2019 DPFAS 
24.8 - 24.8 - - - - - 24.8 
February 
2019 EPFAS 
- - 18.4 - 5.6 1.9 3.9 2.3 32.1 
December 
2019 EPFAS 
- - 7.0 - 5.9 0.3 1.2 17.5 31.9 
a Results are based on streambed point measurements (DPFAS) and on channel-based 
measurements of stream export of PFAS (EPFAS). The study streams, all tributaries to the Cape 
Fear River, are shown in Fig. 1 of the main paper.  Mines Creek is a major tributary to Georgia 
Branch, and for summer 2018 and October 2018 the DPFAS values in the "Georgia Branch 
watershed" column are the sum of the values in the Mines Creek and Georgia Branch columns. 
For October 2018, the EPFAS value for the Georgia Branch stream was calculated as the 
S18 
 
difference between the values in the Mines Creek and Georgia Branch watershed columns. In 
February 2019, EPFAS was measured on February 14 and 15, and DPFAS was measured on 
February 25 and 26. Values <MRL were treated as null. 
 
Table S11. Summary of PMPA mass discharge (kg/yr) from groundwater to streams near the 
Fayetteville Works. 
















3.8 1.6 5.4 1.7 0.6 - - - 7.7 
October 
2018 DPFAS 
4.9 3.9 8.8 - - - - - 8.8 
October 
2018 EPFAS 
3.6 2.8 6.3 - - - - - 6.3 
February 
2019 DPFAS 
9.4 - 9.4 - - - - - 9.4 
February 
2019 EPFAS 
- - 7.7 - 2.7 1.0 1.7 1.0 14.1 
December 
2019 EPFAS 
- - 2.9 - 2.2 0.1 0.5 6.8 12.5 
 
Table S12. Summary of GenX mass discharge (kg/yr) from groundwater to streams near the 
Fayetteville Works. 
















6.0 1.1 7.1 0.8 0.3 - - - 8.2 
October 
2018 DPFAS 
3.4 1.9 5.3 - - - - - 5.3 
October 
2018 EPFAS 
2.9 1.9 4.8 - - - - - 4.8 
February 
2019 DPFAS 
6.1 - 6.1 - - - - - 6.1 
February 
2019 EPFAS 
- - 4.4 - 0.9 0.3 0.9 0.5 7.0 
December 
2019 EPFAS 





Table S13. Summary of PFO2HxA mass discharge (kg/yr) from groundwater to streams near the 
Fayetteville Works. 
















2.0 0.6 2.6 0.6 0.2 - - - 3.4 
October 
2018 DPFAS 
2.1 1.1 3.2 - - - - - 3.2 
October 
2018 EPFAS 
2.2 1.1 3.3 - - - - - 3.3 
February 
2019 DPFAS 
4.1 - 4.1 - - - - - - 
February 
2019 EPFAS 
- - 2.4 - 0.7 0.2 0.5 0.3 4.2 
December 
2019 EPFAS 
- - 1.1 - 1.0 0.0 0.2 2.7 5.1 
 
Table S14. Summary of PEPA mass discharge (kg/yr) from groundwater to streams near the 
Fayetteville Works. 
















3.3 0.5 3.8 0.4 0.2 - - - 4.4 
October 
2018 DPFAS 
1.5 1.1 2.6 - - - - - 2.6 
October 
2018 EPFAS 
1.4 0.7 2.1 - - - - - 2.1 
February 
2019 DPFAS 
3.5 - 3.5 - - - - - - 
February 
2019 EPFAS 
- - 2.1 - 0.5 0.2 0.4 0.2 3.5 
December 
2019 EPFAS 


























0.93 0.21 1.1 0.27 0.15 - - - 1.52 
October 
2018 DPFAS 
0.43 0.24 0.67 - - - - - 0.67 
October 
2018 EPFAS 
0.8 0.0 0.8 - - - - - 0.8 
February 
2019 DPFAS 
0.37 - 0.37 - - - - - 0.37 
February 
2019 EPFAS 
- - 0.64 - 0.26 0.09 0.19 0.12 1.3 
December 
2019 EPFAS 
- - 0.16 - 0.26 0.0(<MRL) 0.03 0.48 0.9 
 
Table S16. Summary of Nafion Byproduct 4 mass discharge (kg/yr) from groundwater to streams 





















NA NA NA NA NA - - - NA 
October 
2018 DPFAS 
0.27 0.17 0.44 - - - - - 0.44 
October 
2018 EPFAS 
0.2 0.1 0.3 - - - - - 0.3 
February 
2019 DPFAS 
0.62 - 0.62 - - - - - 0.62 
February 
2019 EPFAS 
- - 0.23 - 0.09 0.05 0.11 0.06 0.5 
December 
2019 EPFAS 





Table S17. Summary of PFO3OA mass discharge (kg/yr) from groundwater to streams near the 
Fayetteville Works. 
 
















0.82 0.13 0.95 0.05 0.04 - - - 1.04 
October 
2018 DPFAS 
0.11 0.0 0.11 - - - - - 0.11 
October 
2018 EPFAS 
0.0 0.0 0.0 - - - - - 0.0 
February 
2019 DPFAS 
0.53 - 0.53 - - - - - 0.53 
February 
2019 EPFAS 
- - 0.33 - 0.0 0.02 0.07 0.04 0.5 
December 
2019 EPFAS 
- - 0.14 - 0.13 0.0 0.02 0.33 0.6 
 
Table S18. Summary of Nafion Byproduct 2 mass discharge (kg/yr) from groundwater to streams 





















0.30 0.09 0.39 0.06 0.01 - - - 0.46 
October 
2018 DPFAS 
0.12 0.0 0.12 - - - - - 0.12 
October 
2018 EPFAS 
0.1 0.1 0.2 - - - - - 0.2 
February 
2019 DPFAS 
0.11 - 0.11 - - - - - 0.11 
February 
2019 EPFAS 
- - 0.18 - 0.1 0.03 0.07 0.04 0.4 
December 
2019 EPFAS 
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